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We experimentally demonstrate and systematically study
the stimulated revival (echo) of motional wave packet oscilla-
tions. For this purpose, we prepare wave packets in an optical
lattice by non-adiabatically shifting the potential and stimu-
late their reoccurence by a second shift after a variable time
delay. This technique, analogous to spin echoes, enables one
even in the presence of strong dephasing to determine the co-
herence time of the wave packets. We find that for strongly
bound atoms it is comparable to the cooling time and much
longer than the inverse of the photon scattering rate.
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The process of decoherence, i.e. the collapse of su-
perposition states due to the dissipative interaction with
their environment is one of the basic concepts for our
understanding of the connection between classical and
quantum physics. In order to study the effect of deco-
herence unambiguously, one has to be able to distinguish
it from other, non-dissipative effects. The macroscopic
(i.e. ensemble- or time-averaged) response of a quan-
tum system prepared in a superposition state typically
decays not only due to the loss of coherence (homoge-
neous decay) but also due to dephasing resulting from
local variations in the evolution of the quantum system
(inhomogeneous decay). In many cases decoherence can-
not be studied directly because the inhomogeneous decay
is by far the dominating process.
This limitation has been overcome in a famous series of
experiments by introducing the techniques of spin echo
for nuclear magnetic resonance (NMR) and photon echo
for optical resonance, respectively [1–3]. These tech-
niques are based on the observation that inhomogeneous
decay due to dephasing is a reversible process. Thus, by
appropriately modifying superposition states at a time
∆t after their preparation, the dephasing can be partially
or fully reversed and a stimulated macroscopic response
(echo) is induced at 2∆t. This effect enables one to mea-
sure the coherence time even in the presence of strong de-
phasing. We have, for the first time, applied this method
to the investigation of the decoherence of motional wave
packets of trapped atoms (Fig. 1). The method can be
used independent of the specific experimental realization
of the confining potential (e.g. a single dipole potential,
periodic dipole potentials, magnetic trapping potentials,
inhomogeneous arrays of atom traps, etc.).
The specific system investigated here consists of mo-
tional wave packets of neutral atoms in a one-dimensional
optical lattice. Optical lattices are periodic dipole po-
tentials for atoms created by the interference of multiple
laser beams [4]. Atoms can be trapped and cooled at
the potential minima (mean position spread zrms=λ/18
[5]). In optical lattices symmetrically and asymmetrically
oscillating motional wave packets can be induced by non-
adiabatically changing the lattice potential [6–11]. Quan-
tum mechanically, the original atomic wave function is
projected onto a coherent superposition of the eigenstates
of the new potential and the quantum interference of the
contributions from different eigenstates results in a wave
packet oscillation (see Fig. 1(a)).
In dipole potentials, the macroscopic oscillation signal
decays because of decoherence due to the spontaneous
scattering of photons and because of dephasing due to
the anharmonicity of the potential wells and spatial vari-
ations of the potential depth. Typically, the effect of
dephasing is dominating decoherence [6–13], so that a
direct determination of the coherence time is not possi-
ble. Here, we show how these limitations can be over-
come: For the case of symmetrical oscillations, Bulatov
et al. [14] have recently proposed and numerically simu-
lated an echo-mechanism to reverse the effect of dephas-
ing and stimulate the revival of the wave packet oscilla-
tions by means of two successive non-adiabatic changes
in the depth of the lattice potential. With our work we
FIG. 1. Wave packet oscillations without (a) and with (b,c)
stimulated revival (echo) (U0 = 831ER, δ=- 7.8 Γ, dz=0.10
λ). Depicted are the oscillations after the second shift (at
t=0) for time delays between the two shifts of ∆t=108µs (a,
reference curve, complete decoherence before second shift)
and ∆t=32µs (b, signal curve), showing additional oscilla-
tions around t=32µs. The difference between b) and a) (c,
echo curve) shows the net effect of the wave packet echo.
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extend their proposal to the case of asymmetrical wave
packet oscillations, present the first experimental obser-
vation of the echo effect, and apply it to determine the
coherence time of the motional wave packets.
In our experiment, we chirp-slow rubidium atoms
(85Rb) from a thermal beam and trap and cool them
in a magneto-optical trap (MOT) giving a sample of
approximately 107 atoms with a central density of 109
atoms/cm3. After the loading phase the magnetic field
of the MOT is switched off and the intensity of the trap-
ping beams is reduced to achieve optimal cooling in a
3-dimensional molasses. The MOT-laser beams are then
turned off and two lattice beams are switched on, form-
ing a 1-dimensional lin⊥lin optical lattice [4]. The lat-
tice beams have intensities of up to I = 60 mW/cm2,
and detunings δ of 2 to 10 natural linewidths (Γ/2pi =
5.89MHz) below the 5S1/2(F = 3) → 5P3/2(F
′ = 4)
transition at λ = 780nm. The beam waist of about
2.75mm (1/e2 radius) is large compared to the 1/e2 ra-
dius of the atomic cloud of 1.52 mm.
After an initial cooling phase of 1 to 2 ms in the
lattice, which localizes the atoms at the center of the
potential wells, we non-adiabatically change the rela-
tive phase between the two lattice beams with an elec-
trooptic phase shifter [11] (1/e switching time of 0.4 µs).
This causes a translation of the lattice by a controllable
amount dz (0 < dz < λ/4) and induces asymmetrical
coherent-state-like motional wave packets. We observe
the wave packet oscillations by measuring the photon
redistribution-induced power difference ∆P(t) between
the two lattice beams [11,15]. No repumping light is
present during the wave packet evolution. Fig. 1(a)
shows a typical example of a wave packet oscillation.
Clearly visible are about 5 oscillations with a period of
(5.2 ± 0.1)µs. The oscillation signal is damped with a
decay time of τ1 = (7± 1)µs (exponential fit).
Fig. 2 shows the decay time τ1 (relative uncertainty ≤
20%) of asymmetrical wave packet oscillations as a func-
tion of the potential depth U0 for various detunings δ.
U0 is calculated from the measured oscillation frequency
ωosc according to U0/ER = (1/(0.86)
2)(ωosc/2ωR)
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ing into account the anharmonicity of the potential wells
[5,9]. The data show that the decay is not due to decoher-
ence caused by spontaneous scattering, for in that case
the decay time τ1 should be proportional to the inverse of
the photon scattering rate, τsc = 1/Γ
′ = 1/(U0Γ/(h¯|δ|).
For different detunings this should result in different de-
cay times τ1 for the same U0, which is not observed
for |δ| ≥ 7Γ. For a decay caused by anharmonicity on
the other hand, the decay time should be proportional
to the inverse of the mean spread ∆ωosc of the occur-
ing oscillation frequencies, which can be approximated
by the mean shift of the oscillation frequencies from the
harmonic frequency minus the common shift of ωR, i.e.
∆ωosc ≈ 0.14ωosc − ωR [5,9]. The line in Fig. 2 is a plot
of 1/∆ωosc as a function of U0. Within the 20%
FIG. 2. Decay times τ1 of asymmetrical wave packet oscil-
lations as a function of the potential depth U0 for the indi-
cated values of the detuning δ. The solid line shows a calcu-
lation of the decay time for anharmonicity induced dephasing
as the decay mechanism.
uncertainty of our data the decay times τ1 are in agree-
ment with this calculation. This shows that the decay of
the wave packet oscillations is dominated by dephasing
[16].
The investigation of decoherence, on the other hand,
becomes possible by non-adiabatically shifting the lattice
back to its initial position after a variable delay ∆t. This
second translation leads to a stimulated revival (echo) of
the oscillations with a maximum amplitude at about 2∆t
[14] if the coherence of the wave packets induced by the
first shift still persists - at least partially - at 2∆t.
Fig. 1 shows the first experimental demonstration of
this echo effect [17]. Fig. 1 (a) serves as a reference curve
showing wave packet oscillations for atoms that move
fully incoherently at the time of the shift. For the pur-
pose of reducing systematic uncertainties, this curve also
has been recorded after two translations of the lattice.
However, here the long delay time ∆t=108µs guarantees
a complete loss of coherence before the second shift. Fig.1
(b) depicts the wave packet oscillations after the second
shift with ∆t=32µs. The curve shows additional oscilla-
tions at about t=32µs. Fig.1 (c) presents the magnified
difference of curves (b) and (a). Clearly visible is the re-
ocurrence of wave packet oscillation, i.e. echo, centered
around a time close to t=32µs. This time corresponds to
a total time of ttotal=32µs+∆t=64µs=2∆t after the first
shift, as predicted.
In order to gain a qualitative and quantitative under-
standing of the echo mechanism, we have performed a full
quantum Monte-Carlo wave-function simulation (QM-
CWF) [18] of the echo experiment taking into account
the full coherent and dissipative dynamics as well as all
internal ground states while adiabatically eliminating the
excited states. Fig. 3 shows the result for the experimen-
tal conditions of Fig. 1. In Fig. 3 (a) the spontaneous
scattering rate is reduced (Γ′ → Γ′/1000) in order to
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FIG. 3. QMCWF simulations of the echo experiment
(I = 56.5mW/cm2 and δ=- 7.8 Γ (⇒ U0 = 823ER), dz=0.064
λ, ∆t=32µs (potential shifts at t = −32µs and t = 0)).
(a) With a reduced rate of spontaneous scattering processes
(Γ′ → Γ′/1000) a strong wave packet echo is visible. (b)
With the regular rate of spontaneous scattering the echo is
still visible but its amplitude is significantly reduced.
emphasize the coherent dynamics which gives rise to
the echo mechanism. Clearly visible is the occurence of
the wave packet echo at t = 32 µs.
The underlying physics of the echo mechanism can be
understood in terms of the coherent evolution of the con-
tributions of different eigenstates to the wave packet: The
first translation creates a coherent superposition of eigen-
states of the translated anharmonic trapping potential
which are all in phase (with phase = 0 per definition).
The phases of different eigenstates evolve with different
frequencies in time which causes the decay of the oscil-
lation signal. Shifting the lattice back after ∆t creates
a new superposition state. Due to the asymmetry of the
translation, eigenstates with phases close to odd multi-
ples of pi give the strongest and eigenstates with phases
close to even multiples of pi give the weakest contributions
to the new superposition state which leads to new wave
packet oscillations which again dephase in time. How-
ever, eigenstates that were in phase at t=∆t are again
in phase at t=2∆t, so that the strongest contributions
again realign at t=2∆t which results in a partial revival
of the oscillations. Thus, the phase-dependent selection
of the strength of eigenstate contributions at the second
shift leads to the wave packet echo.
Spontaneous scattering leads to an incoherent evolu-
tion of the superposition state by randomizing the phases
of the eigenstates and thus causes a decrease in the echo
amplitude. This is clearly observed in our wave function
simulation for a non-reduced spontaneous scattering rate
(Fig. 3 (b)). The wave packet echo is still visible but its
amplitude is reduced to a value that is consistent with
the one obtained in the experiment (Fig. 1).
In order to experimentally study additional effects of
dephasing, we have narrowed the transverse intensity
profile of our lattice beams causing different parts of the
atom cloud to experience different potential depths U0.
FIG. 4. Wave packet oscillations and echo for increased
dephasing (U0 = 368ER, δ=-8 Γ, dz=0.11 λ). The reference
curve (a, ∆t=132µs) depicts the faster signal decay. The
signal curve (b, ∆t=30µs) shows a free standing echo.
The almost free-standing echo in the signal curve of
Fig. 4 experimentally demonstrates, that the method of
wave packet echoes can also be applied to other systems
where the spatial variation in the coherent dynamics is
the dominating effect for dephasing as e.g. in anhar-
monic dipole traps based on focused laser beams, inho-
mogeneous arrays of atom traps, or magnetic quadrupole
traps, etc. (see e.g. [13]).
The physics behind the echo effect predicts that the
time at which the echo occurs can be varied by changing
the time delay ∆t between lattice shifts. Fig. 5 shows
echo curves (analogous to Fig.1 (c)) for the indicated val-
ues of the time delay ∆t. For each curve, t=0 corresponds
to the second lattice shift. The total time after the first
shift is given by ttotal=t+∆t. Our measurements confirm
that the echo moves to larger t with increasing ∆t and
has its maximum value at approximately ttotal=2∆t [19].
We can use the echo technique to determine the coher-
ence time τ2 of the atomic motion by measuring the echo
amplitude as a function of the echo time 2∆t. Fig. 6 (a)
shows this for the data of Fig. 5. With increasing ∆t
FIG. 5. Increase in occurence time and decrease in ampli-
tude of the echoes for increasing delay ∆t between transla-
tions of the trapping potential (parameters as in Fig. 1).
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FIG. 6. (a) Dependence of the echo amplitude on the echo
time 2∆t for the data of Fig. 5. The line is an exponential
fit to the data, giving a coherence time of τ2=(27±3) µs.
(b) Coherence time in units of the photon scattering time
τsc = 1/Γ
′ as a function of the lattice detuning δ.
the echo amplitude decreases exponentially as ex-
pected for a coherence loss being induced by spontaneous
scattering processes occuring at a constant rate to Γ′.
An exponential fit to the data (line in Fig. 6 (a)) gives
a 1/e decay time of τ2=(27±3) µs which is significantly
longer than the observed dephasing time of 7 µs. This
shows that the coherent motion still persists for times
at which the macroscopic oscillation signal has already
disappeared.
The echo technique even enables a quantitative de-
termination of the constant of proportionality between
the coherence time τ2 and the photon scattering time
τsc = 1/Γ
′. For the data of Fig. 6 (a), τsc = (0.40±0.04)
µs and we find that during the coherence time one atom
scatters 68±10 photons. In a series of measurements sim-
ilar to Fig. 5 for -10Γ ≤ δ ≤ −4Γ we observe coherence
times in the range from 40 to 68 scattering times τsc with
an average value of τ2 = (49 ± 7)τsc independent of the
detuning δ (Fig. 6 (b)). This proves that the coherence
time τ2 is proportional to the scattering time τsc and
that for the decay of motional coherence a large number
of photons has to be scattered spontaneously.
The quantitative determination of the coherence time
enables us to prove an important prediction given for the
dissipative coupling of the motion of atoms in (nearly)
harmonic potentials to their environment: It has been
pointed out that for (nearly) harmonic oscillators the co-
herence time τ2 should be twice as long as the damping
time of the oscillator’s energy, i.e. the cooling time τcool
of the atoms [20–22]. In a recent experiment, τcool in one-
dimensional optical lattices was found to be the time to
spontaneously scatter 30 photons: τcool = 30τsc [7]. Our
direct measurement of the coherence time τ2 = (49±7)τsc
is the first experimental confirmation of the predicted re-
lation between the coherence time and the cooling time.
We expect the relation τ2 = 2τcool to hold universally
for (nearly) harmonic trapping potentials in which the
motion of atoms is coupled to a dissipative reservoir [20].
In summary, we have experimentally demonstrated
and systematically investigated a new echo technique to
access the coherent and dissipative dynamics of atomic
wave packet oscillations in trapping potentials. With this
technique, we have measured the coherence time of wave
packet oscillations in strongly confining dipole potentials,
in a regime, which was previously inaccesible. We showed
that the coherence time is directly connected to the en-
ergy dissipation time. We also demonstrated that the
echo technique works for atomic motion exhibiting vari-
ous causes of dephasing which shows that it can be used
to access the external dynamics in a broad range of differ-
ent atom traps or inhomogeneous arrays of atom traps.
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